Background. The degree of cross-immunity between human papillomavirus (HPV) types is fundamental both to the epidemiological dynamics of HPV and to the impact of HPV vaccination. Epidemiological data on HPV infections has been repeatedly interpreted as inconsistent with cross-immunity.
Human papillomavirus (HPV) types 16 and 18 are responsible for 70% of cervical cancers, whereas the remaining 30% of cervical cancers are associated with more than a dozen other HPV types [1] . The degree of cross-immunity among types is key both to the epidemiology of HPV and to the public health impact of HPV vaccines. Current HPV vaccines targeting HPV types 16 and 18 hold tremendous promise for the reduction of cervical cancer [2] . However, these vaccines may modulate the prevalence of HPV infections by nontargeted types through type replacement, which is the increase in prevalence of nontargeted types following vaccination [3] .
Concerns about type replacement mediated by HPV vaccine have motivated natural history surveys that found odds ratios (ORs) and hazard ratios of multiple to single infections of >1 [4] [5] [6] [7] [8] [9] . Consequently, an individual infected with one HPV type has an elevated risk of multiple infections, both concurrent and sequential, even after adjusting for multiple HPV risk factors (Table 1 ). These observations have been interpreted as evidence that there is no significant cross-immunity among HPV types [4-8, 10, 11] . Furthermore, these interpretations are widely cited to justify disregarding cross-immunity in evaluations of HPV vaccines [10] [11] [12] . However, the premise that crossimmunity does not lead to elevated risks of concurrent or sequential HPV infections has not been assessed.
We test this hypothesis here by using a mathematical model for HPV transmission to determine the effect that cross-immunity would have on the risk of multiple infections.
We classify interactions between HPV types in terms of the timescales over which the interactions occur. Immediate interactions occur when current infection with one HPV type affects the risk of simultaneous co-infection with another. Physiologically, immediate interactions may arise from changes in cytokine profiles associated with local inflammation and from competition to colonize cervical cells, as occurs with other sexually transmitted infections [4, 13] . Delayed interactions occur when a past infection with one HPV type that has been cleared affects the subsequent risk of infection with another type. Delayed interactions may be due to acquired immunity that develops upon clearance of an HPV infection [14] .
We classify the interactions between HPV types as synergistic, independent, or cross-immune. Synergy increases the probability of infection with a second HPV type. Perhaps counterintuitively, synergy actually enhances the benefit of a vaccine, because the removal of the types that are targeted by vaccination reduces the transmission of other types [3] . Independence between 2 HPV types indicates that neither infection with nor resistance to one type has an effect on risk of infection with the second type. Cross-immunity decreases the probability of infection with another type. Under a scenario of cross-immunity, a reduction in vaccine-targeted types brought about by vaccination could cause a concomitant increase in prevalence of nontargeted HPV types through type replacement [3] [4] [5] [6] 15] . Throughout this article, we assume that type interaction is partial rather than perfect, because perfect interactions would unrealistically preclude the possibility of multiple infections.
Type replacement following vaccination has been raised as a concern with other vaccines, notably vaccines against Haemophilus influenzae and Streptococcus pneumoniae.
Lipsitch [15] predicted that such vaccines could result in type replacement. These predictions were borne out after pneumococcal conjugate vaccine (PCV7) and H. influenza type b conjugate vaccine (Hib) caused type replacement [16, 17] .
In this article, we use an epidemiological model calibrated to HPV prevalence data to reevaluate clinical data on interactions among multiple HPV types and to assess whether crossimmunity can be ruled out on the basis of current epidemiological surveys. We find that the ORs of multiple infections observed in the epidemiological data are consistent with those expected under a model scenario of cross-immunity among HPV types. Taking into account this cross-immunity, we use our model to predict the degree of type replacement that could result from vaccine-mediated removal of targeted HPV types.
METHODS

Epidemiological Model
To evaluate the potential existence of cross-immunity among HPV types, we built upon our previous susceptible-infectedrecovered model that incorporates interactions between 2 HPV types [3] . In our refined model (Supplementary Appendix 1), an individual can be in 1 of 9 infection states depending on whether they are susceptible to, infected with, or recovered from one or both HPV types ( Figure 1 ). Our mathematical model provided the expected risks of multiple infections under 9 different scenarios that occur when immediate and delayed interactions each generate synergy, are independent, or elicit cross-immunity.
First, to determine the expected effect of potential crossimmunity on epidemiological surveys, we used steady state prevalences from the HPV model to stochastically generate life histories of individuals, which were then "surveyed" at a random point in their lives, resulting in a virtual epidemiological survey mirroring real-world surveys [4] [5] [6] [7] . Second, we calibrated our model to empirical observations of HPV prevalence to estimate the nature, duration, and intensity of interactions between HPV types. Third, we calculated the sample size necessary to identify type replacement from epidemiological surveys. Finally, to assess the repercussions of type replacement, we modeled the change in prevalence of nontargeted types following vaccination.
To determine how interactions between HPV types change the risk of multiple infections over time, we explicitly modeled the formation and dissolution of sexual partnerships while tracking the HPV states of both partners (Supplementary Appendix 1). Individuals can be either single or partnered (even if for only one sexual act), and a partner's infection status can be any of the 9 states. To approximate the influence of highly sexually active individuals on the overall transmission dynamics, we used the effective partner change rate, which incorporates both the mean and the variance of partnership frequency in the population [18] [19] [20] . We decomposed the effective partner change rate of 4 per year into a partnership formation rate, r, and a partnership dissolution rate, s, taking into account an estimated average time outside of partnerships [12, 21, 22] . We assumed a population sampled across a 40-year time span of sexual activity, and a mean HPV infection duration of 18 months [23] [24] [25] .
The transmission probability for a single HPV type over the course of a sexual partnership was previously found to be 60% [21] . From this empirical estimate, we calculated the rate of infection, β, taking into account empirical estimates of partnership durations (Supplementary Appendix 1). We Table 2 ). The crossimmunity value of 0.1 was chosen as a value that was deemed sufficiently small; the synergy value of 1.665 was chosen to be slightly less than 1/β (β = 0.6), as the effective rates of infection must by definition be ≤1. Our transmission model predicted the type-specific HPV prevalence to vary between 1.5% and 2.8%, depending on the combinations of parameters c and d and in a range that is consistent with epidemiological data (Table 2 ) [26] .
Virtual Epidemiological Survey
To evaluate the effect that cross-immunity would have on epidemiological surveys of multiple infections, we simulated a virtual longitudinal survey on HPV infection status of 50 000 individuals for each of our 9 parameter sets of HPV type interactions. We used HPV prevalences generated from our transmission model to parameterize a stochastic model of an individual's infection life history. Susceptible individuals entered the stochastic model at sexual debut, and their sexual life histories were subsequently tracked. Each individual was "enrolled" in our virtual survey at a random time in their life, and "followed-up" 1 year later (Supplementary Appendix 2). We used logistic regression to obtain ORs for infection with multiple types under the different type-interaction scenarios (Table 2) , where the independent variable was an infection status of one HPV type and the dependent variable was an infection status of another type. In our regressions we adjusted for age, number of lifetime sexual partners, and number of sexual partners in the intervening year. We calculated ORs for concurrent infection using data from the follow-up phase of our simulated surveys and ORs for sequential infection using data from both the entry and follow-up of our simulated surveys.
Empirical Calibrations
To evaluate the behavior of the type interaction parameters c and d beyond the 9 transmission scenarios ( Table 2) 
between the observed prevalence of infection for each of the 3 field surveys [6, 7, 26] and the prevalence of 0, 1, and 2 concurrent infections predicted by our model. For each of the 3 surveys we obtained the (c, d) pair that minimizes the χ 2 statistic. To estimate 95% confidence intervals (CIs), we assumed Gaussian errors in the χ 2 statistic and noted the parameter range within 2 log units of the maximum likelihood value.
Vaccine Trial Sample Size
We determined whether the vaccine trials that have been conducted [27, 28] had sufficient sample sizes to detect cross-immunity. Using a standard sample size formula, we calculated the sample size necessary to give an 80% statistical power of detecting a statistically significant difference in the prevalence that would arise from cross-immunity of HPV infections between the vaccine trial group and the placebo group for each of the 3 actual epidemiological surveys (Supplementary Appendix 3).
Type Replacement
HPV types have been classified into phylogenetic clades (http://hpv-web.lanl.gov/) within which cross-immunity may occur [5] . Type 16 is classified in clade A9, type 18 in clade A7, and types 6 and 11 in clade A10. The proportion of HPV infections within each clade due to vaccine-targeted types varies: type 16 causes 38% of infections in clade A9, type 18 causes 27% in clade A7, and types 6 and 11 cause 67% in clade A10 [29] . To assess the impact of type interaction on the effectiveness of HPV vaccines, we modeled the change in prevalence of nontargeted types within each clade following vaccination and compared this change with the reduction in prevalence of the targeted type caused by vaccination (Supplementary Appendix 4).
RESULTS
Virtual Epidemiological Survey
Using ORs to measure the risk of concurrent and sequential infection with different HPV types, we found that both delayed and immediate cross-immunity increased ORs for concurrent and sequential infection (Figures 2 and 3 ), but that delayed cross-immunity with immediate synergy produced the greatest increase in ORs, increasing the odds of multiple infection by 8.8 times for concurrent infection (Figures 2 and 3) . These results argue that the elevated risk of concurrent Odds ratios for concurrent infection in 9 simulated longitudinal studies. Odds ratios were adjusted for age and lifetime number of sexual partners. Error bars represent 95% confidence intervals.
infections previously found (Table 1) does not preclude the existence of delayed cross-immunity.
Empirical Calibrations
To estimate values for the immediate and delayed crossimmunity parameters, c and d respectively, we calibrated our model to epidemiological surveys by determining the χ 2 statistic for the 3 epidemiological surveys [6, 7, 26] as c and d are varied. We also calculated the values of c and d that minimize the χ 2 statistic for each survey (Figure 4) . These results indicate that empirical observations are best approximated by a small value for d, indicating strong delayed cross-immunity.
Vaccine Trial Sample Size
Our calculations of the sample size necessary to observe type interactions within a clinical trial indicate that >140 000 person-years of observation would be needed to detect even perfect cross-immunity based on the event rates of HPV infection in Harper et al [27] , compared with 2500 person-years (1113 subjects for an enrollment of up to 27 months) that were used in that survey. More than 36 million person-years would be required using the event rates in Mao et al [28] , compared with the 9500 person-years used (2391 subjects over 4 years). Thus, cross-immunity cannot be ruled out on the basis of these existing surveys.
Type Replacement
Modeling the effect of delayed cross-immunity on HPV prevalence following the elimination of the vaccine-targeted types and parameterizing the immediate and delayed interaction parameters based on the results of our empirical calibrations, we found that the vaccination effectiveness as a result of type replacement was 11% (95% CI, 1.8%-29%) for types 6 and 11 in the A10 clade, 18% (95% CI, 3.0%-50.%) for type 16 in the A9 clade, and 20% (95% CI, 3.5%-56%) for type 18 in the A7 clade. The prevalence of nontargeted types increased by 50% (95% CI, 31%-58%) following vaccination for type 16, by 29% (95% CI, 18%-33%) for type 18, and by 183% (95% CI, 145%-216%) for types 6 and 11. We observed a negative correlation between the prevalence of the vaccine-targeted type within its clade and the corresponding vaccination effectiveness, indicating that those HPV types that constitute a larger proportion (Figure 5 ).
DISCUSSION
The hypothesis that ORs would decrease with cross-immunity had not been quantitatively evaluated. The assumption has been that cross-immunity would decrease ORs for concurrent and sequential HPV infections, and therefore that ORs above unity implied the absence of cross-immunity [5-7, 10, 11] . However, our analysis shows that the elevated ORs identified in empirical surveys do not disprove the existence of crossimmunity between HPV types, contrary to previous interpretations [5] [6] [7] 11] . We also show that sample sizes of vaccine trials have been insufficient to detect even strong cross-immunity.
By using a mathematical model to determine the expected risks of multiple HPV infections under different scenarios of immediate and delayed interaction between HPV types, we have shown that delayed cross-immunity produces elevated ORs of multiple infections similar to those seen in empirical surveys [4] [5] [6] [7] . This cross-immunity is predicted to reduce the efficacy of vaccination as a result of type replacement. However, while we calculate a significant increase in nontargeted HPV types due to vaccine-induced type replacement, these types are less carcinogenic than are HPV type 16 and 18 [30] . Infection with one of these nontargeted types presents a lower cancer risk, therefore partially ameliorating the negative public health impact of type replacement.
To focus our analysis on the interactions among HPV types and to minimize the considerable uncertainty involved in parameterizing human sexual behavior, we made several simplifying assumptions in our model. We treated the formation of sexual partnerships as homogeneous and well-mixing; in reality, human sexual networks have been shown to exhibit scale-free properties with a small number of individuals engaging in the most epidemiologically important behavior [31, 32] . Additionally, we excluded concurrent partnerships from our model, which, although rare within the population, have been shown to play an important role in sexual transmission of infection, and indicate a primary risk factor for infection [33, 34] . Finally, we assumed symmetry in transmission rates among partnerships regardless of whether the infected partner is male or female, although previous studies have suggested the HPV transmission rate from women to men is 3-4 times that from men to women [35] .
The effective partner change rate partially compensates for these assumptions by implicitly including the variance of sexual behavior. Although the remaining factors are epidemiologically important, we do not think they would have a significant effect on our results due to the structure of our analysis. Our analysis first determines the equilibrium levels of infection and then stochastically simulates individual life histories. To affect our calculated ORs of multiple infection prevalence, these sexual network details would have to significantly shift the equilibrium levels of infection. This seems unlikely due to the small fraction of the population engaged in concurrent and high-risk sexual activity [34] . A thorough analysis of these factors would require an individually based computational or network simulation, adding formidable challenges of parameterization and exacerbating the difficulty of arriving at general conclusions about the interactions between HPV types.
The degree to which a vaccine itself generates crossimmunity will affect the extent of type replacement. For example, currently available vaccines based on L1 viral proteins produce type-specific immunity without significant cross-immunity [2] . Clinical trials of L1 vaccines reveal that although the prevalence of infection with HPV types 16 and 18 declined, the overall prevalence of infection with nontargeted HPV types remains steady among vaccinated individuals, suggesting that other HPV types increased in prevalence [27] . Conversely, L2 vaccines under development, which comprise a cross-neutralization epitope against genital HPV infection, may elicit cross-immunity and reduce type replacement while the vaccine is used [2, 36] . Vaccine-mediated cross-immunity beneficially reduces nontargeted HPV types during a vaccination program. However, the effect of this cross-immunity will only last for as long as the vaccine is used. Once the vaccine is no longer administered, the full effect of type replacement as a result of the removal of other HPV types will occur.
Previous studies of HPV vaccination have observed elevated risks of multiple infections, and interpreted these findings as evidence against significant cross-immunity among types. These interpretations have affected both vaccination policy and modeling [10] [11] [12] . Many of the models of effectiveness and cost-effectiveness of HPV vaccination have not addressed the possibility of cross-immunity, with a few exceptions [37, 38] . Our results suggest that type replacement may reduce vaccine effectiveness. Therefore, including cross-immunity factors may alter cost-effectiveness analyses and the optimization of public health strategies. Consequently, future evaluations of strategies to control HPV should not exclude the possibility of cross-immunity among HPV types.
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